We describe an open one-dimensional reaction-diffusion system, the Couette reactor, which provides a permanent feed of fresh reactants and simultaneously preserves the diffusion process. Different compositions of variants of chlorite-iodide reactions are fed at both ends, but there is no net axial mass flux in the reactor. The effective diffusion coefficient is the same for all chemical species, and can easily be varied from 10 -* to 1 cm'/s, permitting large size reactiondiffusion structures. Spatial bistability was obtained with the minimal chlorite-iodide reaction in symmetric feed conditions. A larger variety of patterns was observed with the chlorite-iodide-malonic acid reaction and asymmetric feed conditions: a single steady chemical front, two steady fronts, three steady fronts, a single oscillating front, two oscillating fronts, three oscillating fronts, simple colliding fronts, and a bursting pattern. The patterns were studied as a function of several parameters to determine the sequences of bifurcations. Our observations demonstrate the existence of steady chemical patterns other than Turing patterns.
I. INTRODUCTION
In recent years a wide variety of temporal behavior has been studied in well-stirred chemical flow reactors (see Refs. l-6 for recent reviews). Progress in understanding bifurcations in homogeneous reactions has been made possible by the systematic use of the continuous flow stirred tank reactor (CSTR), which allows experimentalists to maintain a reaction far from thermodynamic equilibrium, a necessary condition for the manifestation of self-organization phenomena. ' In contrast, until very recently experiments on spatial pattern formation in chemical reaction-diffusion systems have been limited to closed systems: only transient trigger wave phenomena, such as target and spiral patterns in excitable media, have been studied with some success.3*8- '1 This serious restriction has now been overcome by the development of three different open spatial reactors by groups in Two of these reactors are two-dimensional continuously fed unstirred reactors (CFURs), namely, the disk gel reactor'3.'6 and the linear or annular gel reactor;'2*23 in these reactors the transport process is essentially molecular diffusion. The other reactor, the Couette reactor, '4*'5~'8-22 provides a practical implementation of an effectively one-dimensional reaction-diffusion system, with a controllable diffusion rate 3-5 orders of magnitude larger than that of molecular diffusion. Different sustained spatial and spatiotemporal structures have been obtained and studied in these reactors with different reaction systems. '2-24 Three types of chemical spatial structures have been studied and documented thus far: Turing structures,23v25-30 "' On leave from the Centre de Recherche Paul Pascal, Universiti de Bordeaux I, Chateau Brivazac, F-33600, France.
phase waves,31-36 and trigger waves. [34] [35] [36] [37] [38] [39] [40] In this work we discuss a new type of structure, obtained when the minimal chlorite-iodide reaction and the chlorite-iodide-malonic acid reaction were studied in Couette reactors. The observed frontpatterns are different from phase waves, trigger waves, and Turing patterns. When a chemical reaction that is bistable in a CSTR is examined in a Couette reactor, the two steady states, say oxidized and reduced, can appear simultaneously in different regions of the reactor-there exist narrow switching regions, chemicalfronts, associated with steep concentration gradients (and possibly changes of color) that separate the parts of Couette reactor corresponding to the different steady states. In this work, all observed sustained spatial or spatiotemporal structures are the result of the emergence of or a change in behavior of those narrow regions. For example, a steady front becomes oscillatory or bifurcates to three steady fronts. Some transitions in patterns occur with hysteresis; hence there is bistability.
Section II describes the experimental system. Section III presents results of experiments and numerical simulations of steady bistable patterns in a symmetrically fed Couette reactor. Section IV describes observations of more complex spatial and spatiotemporal structures in an asymmetrically fed Couette reactor. Section V discusses the results.
Il. EXPERIMENTAL SYSTEM
A. Couette reactor kinematic viscosity Y (0.009 cm2/s at the temperature of most of our experiments, 26 "C). In our reactors we have (b -a) (b<L. The outer cylinder is fixed while the inner cylinder is rotated at the rate R. The flow regime in the gap is determined by the value of the Reynolds number,
When R > R,, the flow self-organizes into pairs of toroidal vortices stacked periodically along the axis.41 For large rotation rates, R % R,, the motion becomes turbulent so that the radial and azimuthal mixing is rapidly achieved inside a toroidal cell, and each cell can be considered approximately homogeneous. The axial mass transport from one cell to neighboring ones takes place on much larger time scales than within a cell, and the concentrations can change from one cell to the next. If there is no net axial flow, the amount of fluid exchanged between two adjacent cells is constant in time and equal in the two opposite directions. Thus the rate of transport of a given species is proportional to the difference of concentration between these two cells, the discretized form of the Fick's law. At scales much larger than the gap, the system behaves as a quasicontinuum in the axial direction and follows a one-dimensional diffusion law for sufficiently large cylinder rotation rates. This has been corroborated by the experimental results of Tam and Swinney.42 We emphasize that, although the local transport is performed by convective turbulent processes of the solvent, the effective axial transport is simply diffusive on a scale L $ (b -a). Because all the species are transported as passive scalars, all the effective diffusion coefficients Di are equal to a single value D which increases with the rotation rate R. In the present experiments, the coefficient D ranges from 0.01 to 0.6 cm2/s. Figure 2 gives the variation of D as function of R. In order to feed the reactor with fresh chemicals at boundaries, the two ends of the cylindrical gap are either in contact with the contents of identical CSTRs (for the Bordeaux reactor) or simply fed by reactant flow (for the Texas reactor). In either case the input and output flows at each end of Couette reactors are carefully balanced in order to avoid any net flow in the axial direction.
B. Measurements
The pattern along the axis of the Couette reactor is monitored by a C.C. era detects the average scattered light intensity over a broad spectrum; therefore, although the measurements indicate the state of a system, they do not yield the concentration of any particular chemical species. In the Bordeaux Couette reactor, changes in the CSTR compositions are monitored by the electrochemical potential of Pt electrodes.
C. Chemical systems
Two different bubble-free and precipitation-free reactions were studied in our Couette reactors: the minimal chlorite-iodide reaction43 and the chlorite-iodide-malonic acid reaction.22*44 Although these two redox reactions differ in their detailed chemical mechanisms, both exhibit autocatalytic and substrate inhibition kinetics. In a well-stirred CSTR, both reactions exhibit rapid switching between a reduced steady state and an oxidized steady state. These states are the continuations of the sole steady state observed, respectively, at large excess reducer (iodide) and oxidant (chlorite) feed concentrations. The reduced and oxidized steady states are optically detectable in the presence of Thiodene (a soluble starch, an I; indicator, from Prolabo, MWs5 X 104); in this case the reduced state is blue and corresponds to low light intensity, while the oxidized state is yellow and corresponds to high light intensity. We have verified that the influence of starch on the kinetics of the reactions is negligible when its concentration is less than 8X10-5M/L.
In a CSTR with premixed feeds and pH > 1.5, the minimal chlorite-iodide reaction exhibits bistability between the reduced and oxidized states over a large range of flow rate and concentrations; more complex behavior is not observed under the premixing and homogeneous conditions.4547 Bistability is observed for ratios of the chlorite-feed to the iodide-feed concentration [ ClO; ] ,, /[ I -Jo in the range 0.2-1.5; 4347 here [ I0 refers to the concentration of the mixed reactant stream before any reaction takes place. Figure 3 shows a section of the phase diagram in the (temperature, [ ClO; ] c ) plane.
The dynamical behavior is much more complex when malonic acid is added to the minimal chlorite-iodide reaction.
At low malonic acid feed concentration ( [MA], < 10 -3 M), this reaction system exhibits oxidation-reduction simple bistability, multiple bistability, and isolated branches.22 The last two cases arise simply from different routes through the bistability region in the phase space.48
At high malonic acid feed concentration the system exhibits periodic oscillations. A cross-shaped phase diagram with oscillatory and bistable regions is shown in Fig. 4 . A Hopf bifurcation is observed if the oscillation region is entered by decreasing [ ClO; lo; if the oscillation region is entered by increasing [ ClO; ] o, a saddle-node bifurcation is observed.
D. Procedures
Unless otherwise indicated, the experiments were conducted in the Couette reactor with CSTRs at the ends. The inner cylinder was always accelerated under computer control at the same rate from rest to the final speed. Degassed reactant solutions were pumped in at both ends of reactor with the same flow rate, and were premixed before entering the reactor. Experiments were conducted either with identical feed composition at both ends (termed symmetric feeds) or with different feed compositions (termed asymmetric feeds). In symmetric feeds an axial gradient in the chemical concentrations develops only from chemical transformation processes, while with asymmetric feeds an additional external gradient is superimposed on the system. In the present work, asymmetric feed compositions only differed by their chlorite concentration. Most of our experiments were conducted with asymmetric feeding because many nontrivial spatial structures arise as the externally controlled feed concentration gradient is varied.
III. STEADY BISTABLE PATTERNS IN A SYMMETRICALLY FED COUETTE REACTOR

A. Experiments
Experiments on the minimal chlorite-iodide reaction with identical feed conditions at each end yield several distinct simple spatial steady states as a function of the control parameters. For example, at high diffusion coefficient D values, the entire reactor is in a reduced spatial state characterized by a quasiuniform low light intensity along the axis, as illustrated in Fig Fig. 6 . The stability of the different spatial states was tested by perturbations, and only appropriate large perturbations were found to produce transitions from one spatial concentration profile to the other.
The observed double front state and spatial bistability can be understood heuristically as follows: If the ends of the Couette reactor are fixed in a reduced state, at high diffusion rates the matter exchange with the central region is so large that only a quasiuniform reduced state can be sustained in 20 .*'.,.,'.,'.",,..,,,.*. 
Simulations
The observed spatial bistability is described remarkably well by a one-dimensional reaction-diffusion model, dc/dt = f(c) + DV=c, with D given by the value of the axial diffusion coefficient in the reactor, and the reaction kineticsf( c) given by the model of Citri and and Epstein49
H++ClO;
+I--.HOCl+HOI, 
where the original rate constants were slightly modified, as in Refs. 45 and 50, to account for the observations of oscillatory behavior in a well-stirred CSTR with premixed feeds:
The concentration of H + was taken to be constant (the system was buffered in pH) and integrated into the rate constant values k,. The simulations were conducted with the same constraint values used in the experiments. directly to the profile of optical intensity observed in the experiments.
The good agreement between the experimental and numerical results, illustrated in Fig. 6 , demonstrates that the one-dimensional reaction-diffusion model captures the spatiotemporal dynamics of the Couette reactor system, even though fast complex reactions are involved. This provides further support of our description of the Couette reactor as a system that is effectively one dimensional.
IV. SUSTAINED PATTERNS IN AN ASYMMETRICALLY FED COUETTE REACTOR
Asymmetric feeding expands the number of possible combinations of control parameter values in the Couette reactor. In this work the Couette reactor was fed in a way such that one end of the reactor was always kept in the oxidized state. In this case, when the minimal chlorite-iodide reaction was studied, only single steady fronts were observed besides quasiuniform patterns (where the whole reactor is in the oxidized state). This trivial front structure is directly induced by the fixed boundary conditions imposed at the ends of reactor. Now we focus on the chlorite-iodide-maIonic acid system, which yields a variety of nontrivial patterns.
A. Zoology of patterns
Several distinct sustained patterns have been observed besides the trivial single steady front.
Single oscillating front pattern. A single front moves back and forth periodically in the axial direction, between two well defined limits. Figure 8 shows a series of light intensity profiles at different times during the cycle. We emphasize that since the broadband light intensity cannot precisely reflect the switches of state in the Couette reactor, the actual gradient in concentration of some chemical species can be much larger than that of the measured light intensity. A comparison between the observed profiles in Fig. 5 and the computed iodide concentration profiles in Fig. 7 clearly supports this point. A convenient way to represent the observed spatiotemporal phenomena is in Fig. 9 , where reduced (black) and oxidized (white) regions are plotted as a func- tion of position (abscissa) and time (ordinate). See, e.g., the single oscillating front pattern in Fig. 9 (b) . The light intensity threshold in each spatiotemporal portrait is chosen to reflect, as close as possible, the observed blue-yellow color change; hence there was a slight adjustment of the threshold from one composition to another.
Colliding fronts patterns [ Fig. 9(c) ]. An oxidation front periodically propagates into the reduced region of the Couette reactor; after traveling a certain distance this front stops, moves back, collides with another front that has emerged in the oxidized region, and then the two fronts annihilate one other. Under certain conditions the distance that the oxidation front propagates is irregular, as Fig. 9 (i) illustrates; because of the difficulties in controlling experimental conditions during a very long period of time, we did not attempt to determine whether or not the irregular behavior is low dimensional chaos.
Bursting oxidized state and oscillating front pattern [ Fig.  9(d) ]. In addition to an oscillating front, a burst of oxidized state appears periodically in the reduced region, thus generating two additional chemical fronts that separate from one another at first; then, after traveling some distance, these fronts return and annihilate by collision. In some cases this pattern and the colliding fronts pattern appear alternatively, as shown in Fig. 9 (h) .
State with three oscillatingfronts[ Fig. 9 has three alternations of reduced and oxidized state regions; it cannot be explained by a simple gradient of input reactants. The length scale of the pattern is much smaller than the reactor length; no equivalent structure was obtained in experiments with symmetric feeds. The pattern originates from the interplay between the nonlinear kinetics and the diffusion process and constitutes a genuine reaction-diffusion structure that can be sustained indefinitely. Figure 10 shows the light intensity distribution of this nontrivial pattern. Three additional patterns were obtained by varying the feeding compositions in asymmetric feed conditions, when both ends of Couette reactor were in the oxidized state:
Pattern with two steady fronts [ Fig. 9fi )J A steady reduced state band is embedded in the oxidized state background. Fig. 9(d) 1; the duration of bursts increases until they link together, forming three oscillating fronts [ Fig. 9 (e) 1; and finally these three oscillating fronts are stabilized simultaneously, giving a steady multiple-front pattern [ Fig. 9 (f) 1.
Direct transition. For certain conditions, a structure with three fronts develops directly from one with single front; see Fig. 11 . With decreasing [ ClO; ] ii, the chemical front becomes less steep (Fig. 11, curve a) , and then a plateau between the oxidized and reduced state regions develops (Fig. 11, curve b) ; the size of the plateau increases (Fig.  11 , curve c) and a peak emerges, giving two additional steady chemical fronts (Fig. 11, curve d) .
Systematic studies in parameter space were conducted to determine the principal patterns and transitions, and the results are summarized by the phase diagrams in Fig. 12 . The transitions from one type of spatiotemporal pattern to another are generally smooth and continuous. In some cases the position of the transition lines is somewhat arbitrary; they must be interpreted as qualitative changes in the spatiotemporal behavior. No hysteresis was observed within the experimental uncertainty for any of the transitions, except for conditions near symmetric feeding, as described in Sec. III, but one can not rule out multistability that might arise with large inhomogeneous perturbations. Fig. 9 (1) does not provide the full picture of what is observed in region (1). The behavior is actually irregular, it is reminiscent of intermittency-the rather regular small reduced bursts (with a period of about 10 s) are interrupted every 600-1200 s by the sudden appearance of large reduced bursts that occasionally reach the end of the reactor. Intermittent bursting phenomena have also been observed in numerical simulations by Arneodo and Elezgaray."
C. Effect of varying reactor length
To determine whether or not the wavelength of the observed nontrivial multiple fronts structure is intrinsic, i.e., whether the pattern originates solely from the interplay between diffusion and the nonlinear chemical kinetics, we studied the influence of the size of reactor on the pattern formation. This experiment was done in a Couette reactor whose length could be continuously varied; this reactor has no CSTRs at the ends. Our experiments show that the characteristic lengths in a pattern with three steady fronts (i.e., the widths of the oxidized band and the reduced band between the first and third front) are almost independent of the length of the Couette reactor; they depend only on the relative distance to the bifurcation point between the three oscillating fronts pattern and the nontrivial steady spatial pattern. Thus we conclude that the multiple steady front structures observed in this system are intrinsic patterns. experiments on the chlorite-iodide and Belousov-ZhaboDuring the same period of this work, Ameodo and Eleztinskii reactions demonstrate that complex spatiotemporal iway 5'V52 studied both numerically and analytically a simbehavior arises in spatially extended systems with local kiple mathematical model of reactiondiffusion in a one-dinetics.
mensional system. The essential properties of their model well as experimental work is needed to determine the kinds of stationary and time-dependent patterns that can form in spatially extended systems with imposed gradients in concentration, temperature, or light intensity. were chosen to be like those of our experiments on the Couette reactor: The reaction exhibits only one steady state in a closed reactor but two stable states in a CSTR, with rapid switching from one state to the other; the diffusion coefficients are equal for all species and the boundary conditions are asymmetric. The results of their simulations are remarkably similar to our experimental observations: the main features of all of the observed stationary and spatiotemporal structures were found in the modeling studies, and in some cases the same transition sequences were also obtained. This similarity suggests that the existence of the observed front structures formed in response to a strongly asymmetric environment is a quite general phenomenon in reaction-diffusion systems that exhibit a rapid switching between two different reaction processes.
Our observations and the numerical calculations of Elezgaray and Ameodo demonstrate that nontrivial stationary spatial structures can form in a reaction-diffusion medium even when chemical species have the same diffusion coefficient, provided that appropriate nonuniform constraints are imposed on the system. These observations reveal the existence a new type of stationary chemical structures in addition to Turing structures,*' which have been described so often in theoretical models. [28] [29] [30] [31] [32] [33] Couette reactors are particularly amenable to the study of these structures because several parameters can be controlled and varied over a wide range; for example, by varying the diffusion coefficient, which defines a characteristic length scale, one could study continuously the transition from small to large systems, i.e., the influence of the number of degrees of freedom on the development of a complex system. Much more theoretical as
